Background {#Sec1}
==========

Regular and appropriate exercise is associated with the prevention of chronic health problems such as heart disease and Type 2 diabetes \[[@CR1]--[@CR3]\] and with an increase in physical and mental functional abilities \[[@CR4], [@CR5]\]. To attain these protective and beneficial health effects, exercising daily for at least 30 min (mins) at a moderate intensity is recommended \[[@CR3]\]. However, despite concerted efforts campaigning for the inclusion of daily exercise approximately 50% of adults fail to achieve these prescribed guidelines for exercise \[[@CR3]\]. Also of concern is that 60% of individuals who commit to starting an exercise program drop-out within the first 6 months. Therefore, the challenge for those promoting physical activity extends beyond the encouragement of individuals to exercise through to ensuring that these committed individuals stay self-motivated when incorporating daily exercise as part of their habitual routine. Identifying foods or dietary supplements that specifically support the desire to exercise daily will enable an individual to adhere to an exercise program and maintain an active and healthy lifestyle.

A significant determinant on whether an individual will regularly participate in an exercise activity is their motivation to the exercise, i.e. their emotions and mood, which will include both positive and negative aspects. Muscle fatigue (defined as a reduction in maximal force generating ability \[[@CR6]\]) experienced during exercise can be a major influence on an individual's self-motivation to continue with the exercise and is dependent upon external influences such as the type of exercise, intensity and duration, environmental conditions (e.g. temperature) as well as the physical fitness and health status of the individual. Fatigue can by caused by both central and peripheral components, and whilst peripheral fatigue is a result of changes at or distal to the neuromuscular junction, central fatigue is due to a decrease in maximal voluntary activation \[[@CR6]\]. The interplay and impact of both peripheral and central fatigue on motivation at different exercise intensities \[[@CR7], [@CR8]\] has led to the 'dual-mode theory' proposed by Ekkakakis et al. \[[@CR9]\]. In this model, they postulate that changes in affective responses while exercising at low and moderate intensities are predominantly influenced by central factors. Whereas, the decline in affective responses during high intensity exercise is likely due to peripheral fatigue brought about by the physiological (i.e. neuromuscular) demand of the exercise rather than central fatigue. Furthermore, the mechanisms underpinning central responses to exercise are presently unclear, but appear to involve modulation of intrinsic brain factors. Alterations in brain neurochemistry has been proposed to have a significant role in mediating intrinsic motivation during prolonged exercise \[[@CR10]--[@CR13]\]. The monoamines serotonin, dopamine and noradrenaline have garnered the most attention with regards to exercise fatigue and motivation due to animal studies demonstrating the exercise-induced modulation of these neurotransmitters and their metabolites in localised areas of the brain \[[@CR11], [@CR12]\].

Dietary supplementation rich in polyphenolic compounds have been shown to support cognitive performance and mood via the modulation of monoamine nerve pathways in healthy adults and in those suffering with a cognitive disorder \[[@CR14], [@CR15]\]. In recent human nutrition intervention studies conducted by our group \[[@CR16], [@CR17]\], consumption of a New Zealand blackcurrant juice attenuated the decline in cognitive performance and reduced affective fatigue in healthy volunteers following a battery of cognitive tasks \[[@CR16]\]. The preservation in cognitive performance was speculated to be mediated by the ability of blackcurrant-derived polyphenolic compounds to modulate monoamine neurotransmitters via the inhibition of monoamine oxidase-B (MAO-B) \[[@CR17]\].

In this current study, we extend upon this current knowledge to explore the efficacy of timed consumption of a polyphenolic-rich juice made from New Zealand blackcurrants (delivering 4.8 mg total polyphenols/kg bodyweight) on the affective response in healthy sedentary individuals while they perform a self-motivated low impact walk on a treadmill designed not to induce peripheral fatigue or pain. The findings from this study contribute to the hypothesis that consumption of New Zealand blackcurrant polyphenolics facilitate positive affective responses to support exercise motivation and maintenance of a healthy active lifestyle.

Materials and methods {#Sec2}
=====================

Subject selection {#Sec3}
-----------------

Forty male (*n* = 15) and female (*n* = 25) healthy volunteers between 20 and 59 years old were recruited from Massey University (Palmerston North campus), The New Zealand Institute for Plant & Food Research Ltd., and surrounding Palmerston North community. All volunteers were asked to omit foods, beverages and supplements high in antioxidants and polyphenols from their diet 24 h before the start of the study. Participants were also asked to refrain from any form of exercise 48 h prior to their exercise trial day. Individuals recruited for this study were healthy, but primarily sedentary, and selected for similar fitness characteristics, assessed by Baȇcke questionnaire \[[@CR18]\], predicted VO~2~max values \[[@CR19]\]. Participants also completed a health screening questionnaire to exclude those who were physically at risk from the exercise used in this study. Subjects were excluded from the study if they had known fruit (especially berry) allergies, blood-borne diseases (e.g. hepatitis), viral or bacterial illness, were taking medicines that affected blood properties (e.g. clotting), were pregnant or planning to get pregnant. Individuals participating in the study were excluded if they were unable to walk confidently at a moderate speed on a treadmill, carried current injury or recovering from injury received within the last 3 months, or exhibited chronic breathing and heart problems. In addition, since all participants recruited for this study were healthy and satisfied the study inclusion / exclusion criteria, consultation and approval from a health practitioner was not required and therefore sought at the discretion of the participant.

Nutritional intervention {#Sec4}
------------------------

The New Zealand blackcurrant juice (BJ) was prepared from a blackcurrant juice concentrate made from New Zealand blackcurrants and kindly provided by The New Zealand Blackcurrant Co-operative Ltd. (Nelson, New Zealand). Polyphenol content was analysed by liquid chromatography-mass spectrometry (LC-MS) using a modified method described previously by Schrage and colleagues \[[@CR20]\]. The amount and identification of blackcurrant polyphenolics was achieved by a combination of UV-visible and mass spectra against known compounds and calculated as μg/mL (Table [1](#Tab1){ref-type="table"}). Total blackcurrant polyphenol concentration of 4.8 mg/kg bodyweight was given to participants. There is currently no recommended daily amount (RDA) for dietary plant-based polyphenolic compounds \[[@CR21]\]. Therefore the total amount of blackcurrant polyphenolics used in this current study was selected using the bioavailability and bioactivity data reported in human nutrition intervention studies \[[@CR22]--[@CR25]\], including the bioefficacy of blackcurrant polyphenols on cognitive function \[[@CR16], [@CR17]\] and recovery from exercise-induced oxidative stress \[[@CR22], [@CR25]\]. The BJ concentrate was diluted in an opaque drink container with distilled water to a final volume of 200 mL. The 200 mL placebo (PLA) drink was prepared to contain the equivalent average amounts of glucose, fructose and vitamin C (9.2, 15.9 and 1.82 mg/kg bodyweight, respectively) present in the diluted BJ. In addition, drinks were freshly (within 30 mins) prepared on the morning of each participant's trial day, with both the BJ and PLA drinks supplemented (350 μL) with blackcurrant flavouring (NI \#12220, Formula Foods Corporation Ltd., Christchurch, New Zealand) to ensure that drinks exhibited a blackcurrant taste, minimizing the participant's ability to distinguish between BJ and PLA drinks. Furthermore, the pre-exercise timing of drinking BJ (and PLA) adopted in this study was based upon the bioactivity results from Watson et al \[[@CR16], [@CR17]\], who showed that blackcurrant phenolic compounds were able to inhibit MAO-B activity and support positive affective responses within 1 h of consumption.Table 1Polyphenolic content of New Zealand blackcurrant juicePolyphenol compoundBJ (μg/mL)Anthocyanin Delphinidin 3-O-glucoside1286 Delphinidin 3-O-rutinoside6173 Cyanidin 3-O-glucoside626 Cyanidin 3-O-rutinoside7260 Petunidin 3-O-rutinoside18 Pelargonidin 3-O-rutinoside49 Peonidin 3-O-rutinoside75Phenolic acids Caffeic acid15 Caffeoylhexose49 *p*-Coumaroylhexose56 *p*-Coumaric acid derivative77 3-Caffeoylquinic acid94 3-*p*-Coumaroylquinic acid211 Ferulic acid glucoside31Flavan-3-ols Catechin5 Epicatechin4Flavonols Myricetin 3-*O*-rutinoside299 Myricetin 3-*O*-glucoside164 Myricetin-malonylglucoside35 Quercetin 3-*O*-rutinoside194 Quercetin 3-*O*-glucoside101 Quercetin malonylglucoside14 Kaempferol 3-*O*-rutinoside36 Kaempferol 3-*O*-glucoside26 Aereusidin glucoside15 Apigenin-hexoside2 Myricetin36 Quercetin9Total polyphenols16,998The polyphenolic composition of NZ blackcurrant juice (BJ) was measured by high pressure liquid chromatography (HPLC) against commercial polyphenolic standards and retention times. Results are shown as μg/mL of juice

Trial format {#Sec5}
------------

### (i) Pre-trial session {#Sec6}

Participants underwent submaximal walking exercise tests on a treadmill ergometer (Motus M995TL, Queensland, Australia), using the methodology described by Ebelling et al. \[[@CR19]\] to determine a moderate walking pace that didn't evoke peripheral fatigue. Briefly, participants were initially asked to perform a 4 min walking exercise set at a 0% incline at a speed that brought their heart rate (HR) to between 50 and 70% of their age-predicted maximal HR. The treadmill incline was then increased to 5%, and participants were asked to maintain their walking to another 4 min to achieve a steady state HR (HRss). Next, using the predictive regression equation provided by Ebelling and colleagues, participants estimated VO~2~max (using their treadmill walking speed at HRss, age and sex) was calculated. Using this approach allowed us to normalise and select a treadmill walking pace according to each participants' fitness levels that was predicted to minimize exercise-induced oxidative stress and neuromuscular (i.e. peripheral) fatigue (i.e. 80% of their predictive VO~2~max). In addition, participants were familiarised to the subjective visual analogue scales (VAS) that they would be required to respond to while exercising on their main trial day.

### (ii) Main trial {#Sec7}

This study employed a parallel, placebo-controlled, double-blinded design, with neither the study investigators nor the participants knowing what nutritional intervention was given or received. The random assignment of participants to a particular intervention groups and the preparation of BJ and PLA drinks were carried out by independent individuals who were not directly involved in the study. Participants were supplied with a list of foods, beverages and supplements high in antioxidants and polyphenols and instructed to omit these from their diet 24 h prior to their main trial day. The study was designed so all participants (irrespective of their trial day) performed the trial in the morning \~ 8 am. Participants were given a standardised meal bar (One Square Meal®, Cookie Time Ltd., Christchurch, New Zealand) to consume for breakfast at least 1 h prior to starting the trial. Upon arriving, participants completed an abbreviated Profile of Mood State (POMS) questionnaire \[[@CR26]\]. Total mood disturbance was calculated by summing the scores for the negative subscales (tension, depression, anger, fatigue and confusion) and subtracting with the sum of the scores for the positive subscales (vigor and esteem-related effects). After donating a blood sample and fitted with a heart monitor (model AXN700 Polar Electro, Auckland, New Zealand), participants consumed either the BJ or PLA drink and relaxed for 1 h in the waiting area of the clinical facility and instructed to refrain from any form of moderate to strenuous physical exercise. During this time, participants spent the hour seated and engaged in sedentary activities such as reading, writing or watching (i.e. non-emotive) videos. Participants then donated another blood sample, taken to the exercise room and simply asked to walk for as long as they could, at their pre-determined personalized walking pace. They were not given a specific time or distance targets to achieve. To minimise their perception of walking time, participants exercised alone with all indicators of time (i.e. clocks, computer screens and personal watches, smart phones) removed. Participants were shown visual analogue scales (VAS) by the trial coordinator and asked to point to a number on a chart the presented their perceived (i) exertion (ES; 1 to 20) and (ii) mood/feeling (FS; − 5 to 5) at the time. VAS recordings were taken at the beginning of the exercise and then at 3 and 5 min intervals, which were randomly distributed to conceal the length of time that they have been exercising. In addition, no music or any form of encouragement (verbal or visual cues) was given and the participants were asked not to talk to trial coordinators unless they wanted to stop. The exercise was terminated after participants (i) completed walking for 2 h (end of trial), (ii) asked to stop or (iii) gave a FS below 0 for three consecutive time points, and the total duration (time and distance) of exercise was recorded. Aside from the trial coordinator, no other person was allowed in the room while the participant was exercising. A final blood sample was taken upon completion of exercise.

Blood sampling {#Sec8}
--------------

Whole blood (from finger pricks) was used to measure glucose and lactate with a 'point of testing' biosensors; Glucose (HemoCue® Glucose 201 DM System; Radiometer Pacific Ltd., Auckland, New Zealand), Lactate (Arkray Lactate Pro™ 2, Baden, Swizerland). Venous blood samples were collected into EDTA vacutainer tubes and immediately centrifuged at 600 *g*, 18 °C, for 5 mins to generate a platelet-rich plasma (PRP), which was further centrifuged at 2250 *g*, 18 °C, for 10 mins to generate a platelet pellet. Platelets were prepared using a modified method described by Watson et al \[[@CR27]\] and frozen as a pellet at -80 °C until measurement of MAO-B activity. In addition, \~ 1 mL of the PRP was centrifuged at 300 *g*, 18 °C, for 10 mins and the cell-free plasma frozen at -80 °C until measurement of malondialdehyde (MDA).

Platelet MAO-B activity {#Sec9}
-----------------------

The MAO-B activity of platelet extracts was determined using an Amplex® Red Monoamine-B assay kit (Invitrogen, Thermo Fisher Scientific Ltd., Auckland) according to the manufacturer instructions. Briefly, platelet lysates were incubated with 0.05 mM clorgyline for 30 min at RT. Amplex Red substrate was then added to the platelet extract, plus H~2~O~2~ standards (0.01--2 mM) and phosphate buffer control. A change in fluorescence (FI) was measured at 37 °C over 10 mins (530--560 and 590 nm excitation and emission wavelengths, respectively) in a FLUOstar Omega plate reader (BMG FluoStar Optima, Alphatech Systems, Auckland, New Zealand). Platelet MAO-B activity was calculated, against H~2~O~2~ standards, and expressed as nM H~2~O~2~ produced /μg protein/min. All platelet extracts were assayed for MAO-B activity in duplicate with the coefficient of variation (CV) of replicate measures being \< 10%.

Plasma MDA levels (lipid peroxidation biomarker) {#Sec10}
------------------------------------------------

Plasma MDA were assessed by High Performance Liquid Chromatography (HPLC) using a modified method reported by Karatepe \[[@CR28]\] against MDA standards. Briefly, MDA standards and plasma samples were precipitated with 5% (v/v) perchloric acid and the supernatant measured using a Shimadzu 20-series (Shimadzu Corporation, Kyoto, Japan) HPLC instrument equipped with a diode array detector. Calibration standards and samples were resolved using a Synergi™ 4 μM Polar-RP 80 Å column (Phenomenex®, Auckland, New Zealand) with a 95:5 (v/v) 30 mM monobasic potassium phosphate buffer (pH 3.6)-methanol mobile phase. The peak area and retention times of MDA in the standards and samples at 250 nm were evaluated using the Shimadzu LC solution software (Shimadzu Scientific Instruments, Auckland, New Zealand). MDA levels were calculated, against MDA standards and presented as μmol/L. All plasma samples were assayed in triplicate with the CV of replicate measures at \< 10%.

Statistical analysis {#Sec11}
--------------------

Data were analysed using Minitab® (version 18.1) and results expressed as means ± SEM for up to *n* = 20 participants in each intervention group. Two-sample Student's *t-*tests were used to assess significant differences between the two intervention groups (placebo and blackcurrant) for each of the physiological and subjective variables measured. A repeated measures ANOVA was used to compare heart rate and subjective perceived ES and FS scores between the two intervention groups over time and determine significance for treatment effect. In addition, where participants stopped walking, their last recorded value was used for subsequent time points (a 'last number carried forward' approach \[[@CR29]\]). Subsequent post hoc (least significant differences) tests were conducted on ES and FS scores following ANOVA analysis. In addition, Pearson correlations of FS and ES scores in each PLA and BJ intervention groups were conducted. Paired student *t*-tests were used to assess the effect of exercise on blood lactate, glucose and plasma MAO-B activity between baseline, pre-exercise and post-exercise time-points within the PL and BJ juice groups. Analysis to detect differences between PL and BJ groups within each time-point was conducted using unpaired t-tests. Statistical significance for all parameters was set at *p* \< 0.05. In addition, the size effect between PLA and BJ groups was calculated using Cohen's *d* index using the difference between the two group's means divided by the average of their standard deviation. Subject power analysis with power 0.8 and a significance of *p* = 0.05 was calculated using Genstat STTEST procedure.

Results {#Sec12}
=======

Intervention {#Sec13}
------------

All participants completed the study and there were no reported adverse health effects from the BJ or PLA interventions.

Pre-trial subject assessment {#Sec14}
----------------------------

### (a) Physical characteristics {#Sec15}

Participants selected for this study displayed similar height & weight, were normally sedentary, and did not take part in any form of regular exercise (Table [2](#Tab2){ref-type="table"}). Evaluation of their habitual activity using a Baȇcke questionnaire \[[@CR18]\] revealed that both the work and sport index scores were similarly low in both the PLA and BJ groups. Assessment of their physical fitness in a pre-trial treadmill exercise session found that participants assigned to either the PLA or BJ groups exhibited similar (*p* \> 0.05) (i) fitness profiles (Baȇcke questionnaire), (ii) predicted VO~2~max and HRmax scores (using Ebelling et al predictive regression equation \[[@CR19]\]) and (iii) treadmill walking speed (\~ 5.5 km/h).Table 2Participant physical and fitness evaluationsVariableMean ± SEM*p* valuePLA (*n* = 20)BJ (*n* = 20)Sex Male87 Female1213Age (years)29.9 ± 1.532.5 ± 2.40.370Height (cm)167.0 ± 2.2167.9 ± 2.50.800Weight (kg)70.5 ± 3.369.0 ± 0.7420.742Predicted VO~2max~ (mL.kg^−1^.min^−1^)45.54 ± 1.943.57 ± 1.40.417Predicted HR~max~ (bpm)190.0 ± 1.4187.3 ± 2.40.332Treadmill walking speed (km/h)5.45 ± 0.105.50 ± 0.070.651Habitual activity Work index2.47 ± 0.162.35 ± 0.160.589 Sport index2.63 ± 0.222.35 ± 0.230.377Physical characteristics and habitual activity scores of participants randomly placed in either the placebo (PLA) or blackcurrant juice (BJ) intervention groups were measured using anthropometric measures and questionnaires. Results are mean ± SEM, n = 20 individuals per group, p value represents statistical difference from placebo group using Student's 2-sample *t*-tests

### (b) Mood evaluation {#Sec16}

The POMS questionnaire is a recognized subjective tool to evaluate global mood changes in relation to varying exercise intensities in diverse populations (see review by Berger & Motl \[[@CR30]\]). As a person's mood prior to exercise may influence their affective state during exercise \[[@CR31]\], a POMS questionnaire was used to determine the mood profile of study participants (Table [3](#Tab3){ref-type="table"}). Completion of the POMS questions by participants, irrespective of nutrition intervention, immediately prior to the main trial found similar responses to the mood descriptors (*p* \> 0.05) in all seven parameters; anger, confusion, depression, fatigue, tension, vigor and esteem related effect. When the overall total mood disturbance were calculated, the final scores did not significantly differ between individuals from the PLA and BJ groups (Table [3](#Tab3){ref-type="table"}).Table 3Profile of mood states (POMS) of participantsVariableMean ± SEM*P*-valuePLA (*n* = 20)BJ (*n* = 20)POMS variable Anger0.74 ± 0.310.32 ± 0.170.250 Confusion2.74 ± 0.782.00 ± 0.440.415 Depression0.42 ± 0.180.26 ± 0.170.521 Fatigue3.37 ± 0.622.32 ± 0.500.195 Tension1.79 ± 0.381.37 ± 0.340.411 Vigour7.0 ± 1.08.4 ± 1.10.371 Esteem related effects11.7 ± 0.412.7 ± 0.70.216Total mood disturbance90.4 ± 2.285.2 ± 2.30.114The emotional state of participants, randomly placed in either the placebo (PLA) or blackcurrant juice (BJ) intervention groups, was assessed using a POMS questionnaire. Results are mean ± SEM, n = 20 individuals per group, *p* value represents statistical difference from placebo group using Student's 2-sample *t*-tests

Platelet monoamine oxidase-B (MAO-B) activity {#Sec17}
---------------------------------------------

A 90% (*p* \< 0.001) reduction in platelet MAO-B activity was observed 1 h after the consumption of BJ; 22.1 ± 1.1 vs. 1.6 ± 0.1 nM H~2~O~2~ production/μg protein/min (Fig. [1](#Fig1){ref-type="fig"}). Lower levels of platelet MAO-B activity in the BJ group was still evident (*P* \< 0.001) when participants had completed the walking exercise, even in those who walked for 2 h (4.7 ± 0.8 nM H~2~O~2~ production/μg protein/min). In contrast, consumption of the PLA, 1 h prior to exercise had no significant (*p* \> 0.05) influence on platelet MAO-B activity: 22.2 ± 2.4 vs. 21.6 ± 2.6 vs. 21.7 ± 2.6 nM H~2~O~2~ production/μg protein/min, basal vs. pre- or post-exercise values. Furthermore, no significant difference in the baseline platelet MAO-B activity values was observed between PLA and BJ groups (*p* = 0.49).Fig. 1Timed New Zealand blackcurrant juice (BJ) consumption inhibits platelet monoamine oxidase-B (MAO-B) activity. Platelet MAO-B activity was measured in participants who had consumed either a placebo (PLA) or BJ drink 1 h prior to performing a low impact walking exercise. Platelets from blood collected at baseline (filled bars), pre- (unfilled bars) and post- (hatched bars) exercise were measured for MAO-B activity using commercial Amplex® Red Monoamine-B assay kit. Results are expressed as mean ± SEM, *n* = 20 individuals per group. ^\*^*p* \< 0.05 and \*\**p* \< 0.01 represents statistical difference from baseline and pre-exercise values respectively within the PLA or BJ groups

Blood glucose and lactate {#Sec18}
-------------------------

Consumption of either PLA (5.11 ± 0.2 vs. 4.8 ± 0.1 mmol/L, baseline vs. pre-exercise) or BJ (5.1 ± 0.2 vs. 4.8 ± 0.1 mmol/L, baseline vs pre-exercise) drinks had no effect on blood glucose levels (Fig. [2](#Fig2){ref-type="fig"}a). Furthermore, the walking exercise performed by study participants, had no impact on blood glucose levels, irrespective of distance walked or intervention (4.9 ± 0.1 or 4.7 ± 0.2 mmol/L, PLA or BJ post-exercise values). In terms of blood lactate, drinking the BJ 1 h prior to exercise caused a minor, yet significant (*p* = 0.048) 17% increase in pre-exercise blood lactate concentrations (1.4 ± 0.1 vs. 1.7 ± 0.2 μmol/L, baseline vs. pre-exercise levels (Fig. [2](#Fig2){ref-type="fig"}b). This transient increase in blood lactate declined during the treadmill walk revealing a post-exercise blood lactate level 30% lower (*p* = 0.02*)* than pre-exercise levels. No increase in baseline blood lactate was observed 1 h after the consumption of the PLA drink (1.7 ± 0.1 vs. 1.5 ± 0.2 μmol/L, baseline vs. pre-exercise values, *p* = 0.08), and although lactate levels were 15% lower in post-exercise blood it was not statistically (*p* = 0.09) different from pre-exercise values (Fig. [2](#Fig2){ref-type="fig"}b).Fig. 2Timed consumption of New Zealand blackcurrant juice (BJ) modulates blood lactate but not glucose levels***.*** Blood glucose \[**a**\] and lactate \[**b**\] levels was measured in participants who had consumed either a placebo \[PLA\] or BJ drink 1 h prior to performing a low impact walking exercise. Blood glucose or lactate collected at baseline (filled bars), pre- (unfilled bars) and post- (hatched bars) exercise was measured using either HemoCue® Glucose 201 or Arkray Lactate Pro™ 2 biosensors, respectively. Results are expressed as mean ± SEM, n = 20 individuals per group. ^\*^*p* \< 0.05 and \*\**p* \< 0.01 represents statistical difference from baseline and pre-exercise values respectively within each group

Exercise-induced peripheral changes {#Sec19}
-----------------------------------

Participants randomly selected into the two intervention groups displayed similar pre-exercise HR (82 ± 4 vs. 83 ± 3 bpm, PLA vs. BJ). An initial time-dependent increase in HR was observed once the participants started to walk on the treadmill, which plateaued after 10 mins walking and then remained relatively constant over the rest of the exercise (Fig. [3](#Fig3){ref-type="fig"}a). Furthermore, participant's post-exercise HR were similar in both intervention groups irrespective of when they finished walking (126 ± 1 vs.127 ± 2 bpm, PLA vs. BJ) and were below their predicted HRmax (Table [2](#Tab2){ref-type="table"}). Assessment of exercise-induced oxidative stress showed no significant increase in plasma MDA levels in participants upon completion of the exercise trial (Fig. [3](#Fig3){ref-type="fig"}b). This was irrespective of the time walked, or intervention group: PLA; 5.4 ± 1.6 vs. 6.6 ± 1.6 μmol/L, *p* = 0.115 (pre- vs. post-exercise) or BJ; 8.2 ± 2.2 vs. 9.8 ± 2.3 μmol/L, *p* = 0.830 (pre-vs. post-exercise). Furthermore, pre-exercise plasma MDA in both BJ and PLA group were similar (*p* = 0.09).Fig. 3Timed consumption of New Zealand blackcurrant juice (BJ) has no impact on exercise-induced changes in heart rate (HR) or oxidative stress biomarker malondialdehyde (MDA). Participants consumed either a placebo (PLA) (open circles) or BJ (filled circles) drink 1 h prior to being performing a low impact treadmill waking exercise. **a** HR was measured using a PolarTM heart monitor and expressed as mean ± SEM beats per minute (bpm). **b** Plasma MDA was measured pre- (unfilled bars) and post- (hatched bars) exercise by high pressure liquid chromatography (HPLC). Results are expressed as mean ± SEM, *n* = 20 individuals per group

Walking compliance and distance {#Sec20}
-------------------------------

In this study, we found that none of the participants requested to stop once they had commenced the walking exercise, and with the exception of three participants in the BJ group who walked for 2 h, the exercise for other participants was terminated after they indicated a FS of zero or below for three consecutive time-points. The number of active participants declined as the exercise time progressed (Fig. [4](#Fig4){ref-type="fig"}a). After 60 mins, approximately half the number of participants were still walking; PLA (8/20) and BJ (11/20) groups. Beyond 60 mins, the number of participants still walking in the PLA group continued to rapidly decline and by 110 mins, all participants within this group had dropped out. In contrast, the drop-out rate in the BJ group was lower, with 15% still walking at 2 h. The average distance walked by participants in the intervention groups showed no overall significant differences (5.1 ± 0.6 vs. 6.2 ± 0.8 km, PLA vs. BJ, *p* = 0.28, Fig. [4](#Fig4){ref-type="fig"}b), with a small-medium effect size of *d* = 0.44 and a predicted subject power analysis of *n* = 67. The average time walked by participants within the RBJ group was 11 mins longer than within the PLA group (66.9 ± 8.5 vs. 55.9 ± 5.6 mins, RBJ vs. PLA). This was non-significant (*p* = 0.3) and displayed a small effect size of *d* = 0.35 with a predicted subject power analysis of *n* = 103. Closer examination of distance walked by participants revealed that 50% of participants in both the PLA and BJ walked a distance of 5 km or more (Fig. [4](#Fig4){ref-type="fig"}b). Only 10% of participants in the PLA group walked a distance greater than 10 km, however, compared with 30% of participants in the BJ group (*p* = 0.28).Fig. 4Timed consumption of New Zealand blackcurrant juice (BJ) has a marginal influence on the drop-out time and distance walked by participants*.* **a** Exercise drop-out time and \[**b**\] distance walked was recorded during a low impact treadmill walking exercise. Results are expressed as either \[**a**\] a step-wise plot of participant's drop-out time in placebo (PLA, open circles) or BJ (filled circles) groups or \[**b**\] Box and Whisker plot of distance walked by participants in the two groups; n = 20 per group; centre line of box indicates median, box encloses the middle 50% of values; whiskers mark the 10 and 90% percentiles of the data, and dots mark observations beyond those

Affective responses {#Sec21}
-------------------

Since the majority of participants dropped-out before the 2 h completion time (Fig. [4](#Fig4){ref-type="fig"}), we explored time-dependent changes in affective responses over the first 60 mins of the trial (Fig. [5](#Fig5){ref-type="fig"}). To account for participants dropping-out during this period, we used a 'last number carried forward' \[[@CR29]\] approach to explore time-dependent changes in participants' perceived ES and FS responses over this period.Fig. 5Timed consumption of blackcurrant juice (BJ) modulates affective responses during a moderate walking exercise. Affective responses for perceived exertion \[**a**\] and feeling/mood \[**b**\] by participants who had either consumed placebo (PLA, open circles) or BJ drink (filled circles) 1 h prior to performing a low impact exercise were assessed visual analogue scale \[VAS\] sheets at 3 or 5 mins intervals. Results are expressed as mean ± SEM, *n* = 20 individuals per group. \**p* \< 0.05 represents statistical difference from PLA at corresponding walking time

### (a) Perceived exertion response {#Sec22}

Participants from both the PLA and BJ groups recorded a similar time-dependent increase in perceived exertion scores (ES) Fig. [5](#Fig5){ref-type="fig"}a; overall time effect in repeated-measures ANOVA *p* \< 0.001. Beyond 20 mins of exercise, the BJ group showed a trend (*p* = 0.086) towards lower ES scores being reported (treatment effect in repeated measures ANOVA, between PLA (12.9 ± 0.4) and BJ (11.9 ± 0.5) so that ES scores in the BJ group were significantly (*p* \< 0.05) lower at 34 and 45 mins from the onset of walking compared to that reported by participants in the PLA group. Although ES scores reported by participants at 60 mins were no longer significant (*p* = 0.06), the trend of a lower ES score was still evident (14.8 ± 0.58 vs. 13.5 ± 0.5, BJ vs. PLA group). Furthermore, calculation of effect sizes at 21, 40 and 60 mins revealed *d* = − 0.37, − 0.58 and − 0.5 respectively, with predicted subject power analyses of *n* = 89, 38 and 50 respectively.

### (b) Perceived mood / feeling response {#Sec23}

A time-dependent decrease in perceived mood / feeling scores (FS) was recorded by participants in both intervention groups over the first 20 mins of walking; 3.0 ± 0.4 to 1.9 ± 0.5 vs. 2.5 ± 0.3 to 1.7 ± 0.3, 0 to 20 mins in BJ vs. PLA group (Fig. [5](#Fig5){ref-type="fig"}b). This downward "feeling/mood" trend (recorded or predicted) continued in the PLA group over the next 40 mins, with majority the participants reporting a FS of 1 or 0 after 60 mins walking. FS recorded by participants in the BJ group remained relatively stable between 20 and 40 mins, and despite being higher than the FS observed in the PLA was not statistically different (*p* \> 0.05) and showed minimal effect sizes of *d* = 0.13 and 0.29 at 21 and 40 mins, respectively, with predicted subject power analyses of *n* = 753 and 150 respectively. After 40 mins, the FS reported in the BJ groups showed a gradual decrease, with reported scores still higher than those recorded by the PLA group. Although not significant (p = 0.06), this trend continued up to 60 mins from the onset of walking, with the average FS reported by participants in the BJ group consistently higher than those recorded by the PLA group (1.15 ± 0.51 vs. 0.3 ± 0.21, BJ vs. PLA group). In addition, a medium effect size of *d* = 0.48 was observed at 60 mins (with predicted subject power analyses of *n* = 56), which was similar to medium effect size (*d* = 0.5) calculated for perceived fatigue at the same time.

(c) Relationship between perceived exertion (ES) and mood/feeling (FS) responses {#Sec24}
--------------------------------------------------------------------------------

The relationship between ES and FS values (recorded or predicted) in the PLA group indicated a strong inverse linear relationship (r^2^ = 0.99, *p* = 0.001) over a 60 mins period of walking (Fig. [6](#Fig6){ref-type="fig"}a). A circumplex plot of ES and FS affective responses recorded by participants in the BJ group showed an initial inverse relationship between ES and FS over the first 21 mins of walking (Fig. [6](#Fig6){ref-type="fig"}b) similar to that observed in the PLA group. After this time the relationship between FS and ES became skewed, with participants recording static FS over the following 45 mins (Fig. [5](#Fig5){ref-type="fig"}b) despite a continued gradual increase in perceived ES.Fig. 6Timed consumption of New Zealand blackcurrant juice (BJ) skews the inverse relationship between perceived exertion (ES) and feeling/mood (ES) scores during exercise. Correlation between ES and FS (assessed using visual analogue scales \[VAS\]) reported by participants who had consumed either \[**a**\] placebo (PLA) or \[**b**\] BJ drinks 1 h prior to performing a low impact walking exercise is expressed as circumplex plots. Results are calculated as 'last number carried forward' and expressed as mean ± SEM for each intervention group

Discussion {#Sec25}
==========

In this preliminary study, timed consumption of a polyphenolic-rich juice made from New Zealand blackcurrants 1 h prior to exercise supports positive central affective responses during a self-motivated low impact walking exercise. Motivation and commitment to exercise is largely driven by an individual's affective response. This is a complicated process involving a number of factors, including an individual's psychological disposition, physical fitness, and importantly the exercise type, intensity, duration and environmental settings \[[@CR32]\]. Previous studies by us \[[@CR16], [@CR17]\] revealed a time-dependent inhibition of MAO-B activity after the consumption of a polyphenolic-rich BJ and subsequent modulation of affective-regulating monoamine neurotransmitters. These findings suggest that acute bioavailability and bioactivity of blackcurrant polyphenolics may also support positive affective responses, like motivation, during exercise. Here we employ a parallel study design (minimize any exercise learning effect) to explore the capability of the BJ to assist positive affective responses (such as vigilance, mood, and motivation) in the context of adhering to a treadmill walking exercise for 2 h, personalized for participants fitness so as not to evoke peripheral fatigue.

To maximize the potential efficacy of the BJ, recruited individuals had similar physical characteristics and, by using a combination of questionnaires and a pre-trial exercise assessment, comparable physical fitness and mood profiles. Previous studies show that exercising at a high intensity above the lactate and ventilatory thresholds rapidly leads to neuromuscular (i.e. peripheral) fatigue and concomitant decline in exercising motivation. Here the exercise involved individuals walking on a treadmill at an intensity (calculated using the submaximal exercise intensity formula reported by Ebbeling et al \[[@CR19]\]) predicted to minimise peripheral fatigue. Peripheral fatigue, however, was not measured in this study, and since there is a strong link between central and peripheral fatigue \[[@CR6]\], we cannot exclude the possibility that changes in peripheral fatigue might contribute participant's perceived exertion and drop-out rates, especially after 60 mins. Nevertheless, all participants found walking at the \~ 5.5 km/h pace easy to do and displayed similar exercise-induced steady-state heart rates with marginal, non-significant, changes in post-exercise blood lactate and an oxidative stress biomarker (MDA), irrespective of how long they walked for. Furthermore, support for this approach when exploring affective responses to exercise is shown by others \[[@CR8], [@CR33]\] who found that positive affective responses were observed in healthy, but untrained, individuals who performed an exercise below their VO~2~max independent of peripheral influences such as muscle fatigue and pain experienced in high impact exercise. In addition, both the BJ and PLA drink consumed by the participants in this study contained the same amount of sugar, which also may influence affective responses. Here we found no fluctuations in blood glucose after the consumption or either PLA or BJ, or during the walk on the treadmill. However, consumption of the BJ, without exercise, did cause a small increase in participants' blood lactate levels, which was transient, although were lower than baseline levels by the end of the walking exercise. The mechanisms underlying these changes in the blood lactate profile are unclear as the participants relaxed prior to exercise and kept to the walking pace instructed by the trial coordinator during the treadmill exercise. Since lactate affect cognitive energy utilization \[[@CR34]\], we cannot exclude the possibility that transient changes in blood lactate observed in the BJ group, prior to and during exercise, may be the result of blackcurrant-derived polyphenols potential influence on energy glycolytic metabolism and central affective responses.

Applying a low impact treadmill walking pace in this study that was predicted to minimise peripheral fatigue and exercise-induced oxidative stress enabled us to explore the efficacy of the BJ (rich in polyphenols) in supporting a positive affective response, and motivation to exercise. Participant affective responses varied over the length of the walk and were linked to participant walk time and drop-out rate. Participant's perception of fatigue in the PLA group was consistently higher than those who consumed the BJ drink over the first 60 mins walking period. This was despite participants' peripheral responses (HR, blood lactate and MDA) to the exercise being similar as well as displaying similar pre-exercise fitness scores. Affective mood responses decreased with walk time in both intervention groups, however after 20 mins differences between the PLA and BJ groups were observed. This, however, coincided with the beginning of participant's drop-out and therefore, due to the small number of individuals taking part in this preliminary study, cannot exclude the possibility that the participants still walking after 60 mins may have exhibited an innate self-motivation to exercise irrespective of the nutrition group they were assigned to, although calculation of Cohen's *d* index revealed a medium effect size indicating that an increase in participant numbers (\>*n* = 50) may show significant treatment effect (*p* = 0.05) between PLA and BJ groups. Furthermore, to minimize (although not exclude) the influence of participant drop-out a 'last number carried forward' analysis, which is the recommended statistical approach used in long-term clinical intervention studies to account for patient drop-out \[[@CR29]\] was applied. Affective responses by participants in the PLA group revealed a clear inverse linear relationship between perceived exertion and mood. This was not as apparent in the BJ group, suggesting that blackcurrant-derived polyphenolic compounds maybe having an impact on central affective responses resulting in the skewed inverse relationship observed between the perceived EF and FS during exercise. The cause for this, although unknown, may involve blackcurrant polyphenols modulating neural pathways primarily involved in perceived fatigue, and supports this observation reported by us \[[@CR16]\] and others \[[@CR35], [@CR36]\].

In addition to individual physical fitness variations, motivation studies show that environmental settings whilst exercising are also important for exercise adherence. Listening to music \[[@CR37]--[@CR39]\] or being coached \[[@CR40], [@CR41]\] while exercising improves compliance and has a positive effect on mood. Here, participants conducted the treadmill walking exercise at the same time of day (i.e. \~ 8 am), in a room that was set-up to eliminate external factors (windows were obstructed, any time indicators or visuals cues on walls or furniture within participant's sight were masked or removed and no one was allowed into the room except the trial coordinator to collect subjective data). Participants were, therefore, reliant upon self-motivation to complete the treadmill exercise, and also interaction between participant and trial coordinator taking the subjective measures were keep to a minimum, we cannot exclude that it may have had an impact as the walk time increase and participants began to get bored and the temptation to quit greater. Feedback voluntarily disclosed by participants (irrespective of nutrition intervention) at the conclusion of their exercise revealed that they were bored and most would have walked longer if they had been allowed to listen to music or had been coached. Participants within the PLA group, in particular, reported a higher degree of boredom and had a higher drop-out rate within the first 30 mins. This observation lends support to the hedonic principle of adhering to exercise (over-viewed by Williams \[[@CR32]\]), whereby allowing individuals to have self-control over exercising conditions (i.e. intensity, pace and environmental settings) produces a sustainable positive affective response. Since individuals do not typically exercise in environments devoid of these external factors, further studies are required to determine whether the efficacy of BJ on central affective responses would be supported and/or enhanced by additional self-motivating factors (i.e. music) when adhering to regular exercise regimes.

Polyphenols (especially anthocyanins) are the predominant flavonoids present in berryfruit and the acute functional benefits attained from consuming berryfruit is dependent on their bioavailability and bioactivity. Human feeding studies \[[@CR16], [@CR26], [@CR42]--[@CR45]\] show a time-dependent increase in polyphenolic compounds and/or metabolites within the plasma 1 h after consumption of berryfruit, including blackcurrant \[[@CR16], [@CR26]\]. This is shown to coincide with acute biochemical and physiological changes including increased peripheral blood flow \[[@CR46]\] and endothelial function \[[@CR47]\] in healthy adults. In addition, regular consumption of berries has been associated with long-term cognitive health \[[@CR48], [@CR49]\] that may involve polyphenolic and/or metabolite liver transformation, tissue accumulation and/or colon microflora \[[@CR43], [@CR50], [@CR51]\]. Here in this current study, we applied previous knowledge of the acute blackcurrant polyphenolic compounds bioavailability reported by us \[[@CR17], [@CR26]\] and others \[[@CR42], [@CR46]\] together with the temporal MAO inhibition profile after the consumption of a polyphenolic-rich BJ reported by Watson et al. \[[@CR16], [@CR17]\] to select a suitable BJ dose and pre-exercise consumption time to maximize the potential influence on positive affective responses during a low impact exercise. Indeed, we found that plasma collected 1 h after BJ (4.8 mg/kg bodyweight) consumption showed a dramatic acute decline (\> 90%) in platelet MAO-B activity, which was still detectable in participant's plasma once they had stopped exercise, even those who walked for 2 h. Furthermore, although the plasma polyphenolic bioavailability profile and identification of the polyphenol bioactive(s) was not the focus of this study, the observed post-consumption bioefficacy of BJ on MAO-B activity supports Watson's et al. \[[@CR16], [@CR17]\] observations of an acute decline in MAO-B activity after the consumption of BJ. Since the decline in MAO-B activity correlates with the preservation of monoamine neurotransmission \[[@CR52]\] and reduced perception of fatigue while conducting a set battery of cognitive tasks \[[@CR16]\], it is possible that, in this current study, the inhibitory action of pre-exercise consumption of BJ on MAO-B activity detected in participants for the length of their exercise may have influenced and/or contributed to the overall positive affective response observed in this group.

MAO-A and MAO-B are both involved in the degradation of various monoamine neurotransmitters including dopamine, serotonin and norepinephrine. Although both isoenzymes are active in the central nervous system, only MAO-B is found in human blood platelets. The pharmacological inhibition of brain MAO-B activity has been used to treat those diagnosed with neurological diseases and depression \[[@CR53]\], potentially through their neuroprotective properties in reducing the metabolism of monoamines. There is a good correlation between platelet and central nervous system MAO-B activity and changes in platelet MAO-B activity are shown to be a suitable biomarker for fluctuations in monoamine neurotransmitters and therefore the affective response \[[@CR16], [@CR17]\]. Moreover, there is some evidence that exercise influences monoamine activity. Platelet MAO-B activity was found to progressively increase following short successive cycling bouts at increasing intensities then declined once the exercise intensity reached 40% of an individual's maximal tolerance in healthy male volunteers \[[@CR54]\]. Further, MAO-B activity was found to be inversely correlated to subjective ratings of perceived exertion following a bout of maximal exercise \[[@CR55]\]. These findings suggest the involvement of MAO-B in the metabolism of key neurotransmitters during exercise, thereby influencing affect and motivation, which may be more prominent during low and moderate exercise intensities when exercise-induced MAO-B activity is optimal. Here comparison between platelet MAO activity and the time walked by participants in the BJ group revealed a tentative (r^2^ = 0.17, *p* = 0.12) inverse relationship that was not evident in the PLA group. Whilst it can be speculated that the inhibitory action of blackcurrant polyphenols on MAO-B activity modulates central affective responses and motivation to exercise, the lower drop-out rate observed in the BJ group in this preliminary study was not significant.

Conclusion {#Sec26}
==========

Findings from this preliminary study provides evidence that timed consumption of a polyphenolic-rich juice made from New Zealand blackcurrants 1 h prior to exercise supports positive affective responses during a low impact walking exercise in healthy sedentary adults. Future clinical studies extrapolating the link between blackcurrant-derived polyphenolic compounds, monoamine neurotransmission (via inhibition of MAO-B activity) and positive affective responses will enable the determination of potential ergogenic action for self-motived exercise adherence to be established.
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